Introduction
Rheumatoid arthritis (RA) is a common autoimmune disease in which macrophages potentially play a central pathogenic role, whereas fibroblasts, T and B lymphocytes, and neutrophils might exhibit secondary dysfunctions. An emerging concept that defines the role of macrophages in RA is their high plasticity during development. The nomenclature of general macrophage polarization has been proposed in the last decade, in which M1 (classical, inflammatory) and M2 (alternative, antiinflammatory, tissue repair) are referred to the two extremes of a spectrum of possible macrophage activation status [1] . The relatively rigid M1/M2 nomenclature is reminiscent of the Th1/Th2 T cell dichotomy and has been extended to encompass the broader spectrum of macrophage activation. Recently, a new functional grouping of macrophage populations on the basis of three different functional activities-host defense, wound healing, and immune regulation-has emerged, and the "blending" of distinct macrophage populations and the impacts in maintaining homeostasis have been emphasized [2] . Although the investigation in this field has rapidly expanded from tumors to infection, atherosclerosis, obesity, and other disorders, exploration of macrophage polarization in RA has just commenced, with numerous unsolved mysteries. Furthermore, discrepancies and nuances for macrophage homeostasis regulation between RA and other pathogenic conditions have barely been investigated.
In this review, we describe the perspective of the phenotypic and functional heterogeneity of macrophages in RA synovium, research tools and therapeutic strategies for direct or indirect macrophage depletion and reestablishment of macrophage functional equilibrium in RA.
Monocyte/Macrophage Lineage Development and Joint Recruitment
The mononuclear phagocyte system comprises bone marrow progenitors, circulating monocytes, and tissue macrophages that populate peripheral lymphoid and nonlymphoid tissues, including the spleen, lymph node, liver, lung, gut, skin, kidney, and joints. The differentiation of hematopoietic stem cells gives rise to the common myeloid lineage, which generates erythrocyte progenitors and the granulocyte-macrophage progenitor (GMP), with monocytes deriving from the latter. In this differentiation process, colony-stimulating factors (CSFs), including the macrophage colony-stimulating factor (M-CSF) and granulocyte-macrophage stimulating factor (GM-CSF), are the key players [3, 4••] .
The current dogma indicates that circulating monocytes that arise from the bone marrow give rise to the tissue macrophages; however, there is no direct and consistent evidence that circulating monocytes contribute to the macrophage in the synovium in RA patients. Bone marrow abnormalities that have been reported in RA include hyperactivity of myeloid cells, increased promonocyte DNA synthesis, increased number of HLA-DR + CD14
+ cells, and high CSF activity. However, there are conflicting reports about the peripheral CD14 low CD16 + monocyte subpopulation in RA patients [5••] . Further clarification of monocyte/ macrophage trafficking among bone marrow, circulation, and synovium is critical for developing strategies that can control the RA synovial macrophage abundance.
Macrophage Polarization and Heterogeneity in RA Synovium
Myelomonocytic lineage cells develop into several cell types that critically contribute to the pathogenesis of RA, which include monocyte/macrophages, dendritic cells, and osteoclasts. High plasticity is one of the characteristics of these cell populations, and it is regulated by the balance of a number of cytokines and growth factors. Imbalances of the mononuclear phagocyte system can occur not only in the affected joints, but also in the peripheral blood, bone marrow, and cardiovascular system of RA patients.
As was mentioned above, heterogeneity and plasticity are hallmarks of monocyte/macrophage lineage cells. To mirror the Th1/Th2 nomenclature, polarized macrophages are referred to as M1/M2 cells. Classically activated M1 macrophages have been known to be induced by IFN-γ, LPS, GM-CSF, and TNF-α, whereas alternatively activated M2 macrophages are induced by IL-4, IL-13, M-CSF, immune complexes, IL-10, and glucocorticoid [1] . In general, M1 macrophages express a high level of TNF-α, IL-1, IL-6, IL-23, IL-12, type I IFN, reactive nitrogen intermediate (RNI), reactive oxygen intermediate (ROI), and CXCL9, 10, and 11, and M2 macrophages express a high level of IL-4, IL-10, CD163, CD206, and CCL16, 17, 18, 22, and 24 [1, 2] . The M1/M2 model is a useful scheme, but it lacks the Open study in patients who were scheduled for knee joint replacement [49] flexibility and does not reflect the diversity of the monocyte/macrophage activation. To overcome this, a new grouping system based on the function of activated macrophages has been proposed, which includes classically activated macrophages, wound-healing macrophages, and regulatory macrophages [2] . Potentially, the principles of these two nomenclatures can be applied to macrophages in RA. In addition, development of osteoclasts from monocyte/macrophage precursor cells is one of the unique characteristics in RA. Expression of GM-CSF and M-CSF is increased in synovial fluid from RA patients, and they form a cytokine network between myeloid cells and neighboring cells, contributing to the inflammatory lesions in the joints. The basic biology of GM-CSF and M-CSF has been extensively reviewed [3, 6] . GM-CSF has a broad spectrum of action on neutrophils, eosinophils, macrophages, and dendritic cells, whereas M-CSF acts more specifically on the macrophage lineage. GM-CSF-deficient mice do not have a marked deficiency in myeloid cell development. On the other hand, M-CSF-deficient mice exhibit deficiencies of several macrophage populations, including osteoclasts [3] . This is best demonstrated in the Csf1 op/op mice, which develop osteoporosis due to a deficiency of osteoclast development. Due to the critical role of M-CSF in macrophage development, it has been proposed that macrophage populations are normally exposed to constitutive production of M-CSF in the absence of inflammation and M-CSF maintains study-state levels of M2-like polarized macrophages.
In the presence of inflammatory stimuli, GM-CSF, plus other signaling factors (TLR ligands, IFN-γ, TNF-α), promotes development of proinflammatory M1 macrophages that further produce inflammatory cytokines, including TNF-α, IL-12, and IL-23.
During development of arthritis, TNF-α and IL-1 promote production of GM-CSF and M-CSF by synovial fibroblasts and chondrocytes, indicating that both GM-CSF and M-CSF play a pathogenic role in arthritis. Both GM-CSF-deficient and Csf1 op/op mice were resistant to development of CII-induced arthritis [7] . Consistently, blockade of GM-CSF or M-CSF inhibits the development of arthritis [7, 8] . The oral inhibitor of M-CSF receptor 27 reduced the arthritis progression by inactivating the tyrosine kinase [9] , which can also be achieved by imatinib mesylate (Glivec/Novartis) [10] . Since depletion of both M-CSF and GM-CSF is effective, several therapies are in phase 1 or phase 2 clinical trials or preclinical studies using GM-CSF-specific antibodies, GM-CSF receptor-specific antibodies, or antibodies directed at M-CSF or its receptor [3, 11••] . JAK inhibitors, including tofacitinib, may also act to effect macrophage development [12] . Macrophage polarization and related therapeutic targets and novel agents are summarized in Fig. 1 and Table 1 . As is described below, it is likely that the most efficacious macrophage inhibition or depletion therapy will be the one that specifically targets proinflammatory M1rather than antiinflammatory M2 macrophages. Recent work has identified several novel signaling pathways that regulate myeloid cell differentiation. It was discovered that IL-10 induced a defect in RANK signaling that preferentially affected calcium-dependent signaling pathways, including a rapidly activated CaMK-MEK-ERK pathway. IL-10 suppressed RANK signaling and human osteoclastogenesis in part by inhibiting expression of the triggering receptor expressed on myeloid cells 2 (TREM-2) by a transcriptional mechanism, thereby suppressing TREM-2-mediated costimulation. These results reveal a new mechanism of inhibition of osteoclastogenesis and identify an early step in osteoclast differentiation that can be effectively targeted for inhibition [13] . In addition to this, the immune receptor expressed on myeloid cells 1 (IREM-1/ CD300F) has been shown to inhibit various inflammatory process in myeloid cells, and it is related to the immunoreceptor tyrosine-based inhibition motifs (ITIM) signaling [14• ]. An inhibitory molecule composed of five ITIM-like sequences in the cytoplasmic tail of IREM-1 were synthesized in conjugation with human immunodeficiency virustransactivator of transcription (HIV-TAT), which was added to promote internalization of the peptides. All these TAT-ITIM fusion peptides inhibited TLR-mediated production of proinflammatory molecules, including MMP-9, TNF-α, monocyte chemotactic protein-1 (MCP-1), and IL-8. TAT-ITIM peptides blocked both myeloid differentiation factor 88 (MyD88) and Toll-interleukin 1 receptor (TIR) domaincontaining adapter-inducing interferon-β (TRIF)-mediated TLR signalling pathways. The inhibitory effects of these TAT-ITIM peptides require activation of Src homology 2 (SH2) containing tyrosine phosphatase (SHP) and/or phosphoinositide3-kinase (PI3K) [14•] . Co-stimulatory molecules are important for interaction between antigen presenting cells (DC, macrophages) and T cells. Costimulatory molecules have recently been shown to be regulated by Tenascin-C, which is an extracellular matrix glycoprotein not expressed on healthy synovium but which is elevated in the rheumatoid joint where high levels are produced by myeloid cells [15] . Dendritic cells that do not express tenascin-C produce lower levels of inflammatory cytokines than do cells from wild-type mice and exhibit specific defects in Th17 cell polarization. Moreover, tenascin-C null mice display ablated IL-17 levels in the joint during experimental arthritis [15] .
In normal synovium, an equilibrium is established that maintains normal joint function. This equilibrium can be shifted toward an inflammatory pathway by two conditions. First, growth factors such as GM-CSF that promote M1 macrophage development can be increased, and second, inflammatory cytokines such as TNF-α and IL-6 that further favor M1 macrophage development can be elevated. Both elevated GM-CSF and increased IL-6 can be observed months before onset of RA [16••] . The presence of M1 macrophages can establish a positive feedback loop by producing cytokines that promote their development. This positive feedback loop is normally limited by endogenous physiological factors that attempt to restore a normal balance. When this fails and arthritis develops, normal equilibrium between the macrophage subpopulations can be reestablished either by pharmacological intervention that directly depletes inflammatory macrophages or by blockade of factors that promote their development, such as GM-CSF or TNF-α inhibitor therapy.
Macrophage Subpopulation Analysis in Arthritis
One of the well-recognized features of RA synovium is an increased abundance of macrophages at the intimal and subintimal compartments [17] . CD68 and CD163 are two commonly used markers for identification of synovial macrophages in RA synovium. CD68 is a scavenger receptor that binds to oxidized low-density lipoprotein and may also be involved in the cell-cell interaction [18] . CD68 can be detected on both cell surface and lysosomal membranes [19] . It has been shown that changes in the number of synovial sublining CD68 + macrophages correlate with clinical improvement independently of the therapeutic strategy, and it can be used as sensitive biomarker to predict the possible efficacy of new antirheumatic treatments [20] . CD163 is a type I transmembrane protein that belongs to the group B scavenger receptor cysteine-rich superfamily [21] . One of the important functions of CD163 is its capacity to bind and internalize haemoglobin-haptoglobin (HbHp) complexes. leading to the release of IL-10 and carbon oxide (CO), which exert strong antiinflammatory effects [22] . Its function repertoire also includes being a receptor of tumor necrosis factor-like weak inducer of apoptosis (TWEAK), as well as a receptor for various pathogens and as an immunomodulator. It has been demonstrated that CD163 has major advantages as a macrophage marker, as compared with CD68, in RA synovium because it discriminates between synovial macrophages and synovial intimal fibroblasts, which also stain positive for CD68 in disease tissue [23] . Additionally, soluble CD163 in sera is a promising diagnostic marker for untreated new-onset systemic juvenile idiopathic arthritis and macrophage activation syndrome, which is characterized by an overwhelming inflammatory reaction driven by excessive expansion of T cells and hemophagocytic macrophages [24] .
Although macrophages from RA synovial tissue or synovial fluid can exhibit both proinflammatory and antiinflammatory phenotypes, they have not been classified as M1 and M2 macrophages. In RA, proinflammatory effector molecules include MIF, TNF-α, IL-1, IL-15, IL-18, IL-23, IL-27, nitric oxide/reactive oxygen species, and different chemokines. On the other hand, they also generate IL-1Ra, IL-10, TGF-β, and soluble TNF-R, which are inhibitory mediators. RA synovial macrophages also produce proteinases (MMP-1, 2, 9) and proteinase inhibitors (TIMP-1, 2) that antagonize the effects of MMPs. These molecules can potentially be used to determine the macrophage heterogeneity in RA synovium or synovial fluid. Very recently, an in vitro polarization study using human monocytes validated that CD80 is the most robust phenotypic marker for human M1 macrophages polarized by IFN-γ, whereas CD200R was upregulated and CD14 was specifically downregulated on M2 macrophages polarized by IL-4. CD163 and CD16 were found to be specific markers for macrophages polarized by IL-10 [25] . However, macrophages retain their high plasticity during the differentiation and respond to the environmental cues (Fig. 1) rapidly, and thus, reversely, reliance on a single marker to determine the identity of a specific macrophage population is not feasible and might be misleading, resulting in the mislabel of "hybrid" macrophage subsets.
Recent studies indicated that IRF5 expression in macrophages was reversibly induced by inflammatory stimuli and contributed to the plasticity of macrophage polarization. High expression of IRF5 was characteristic of M1 macrophages, which suggested a critical role for IRF5 in M1 macrophage polarization and defined a previously unknown function for IRF5 as a transcriptional repressor [26••] . Our group has observed that the expression of death receptor 5 (DR5) is upregulated in the CD11b +
Ly6C
+ inflammatory macrophages in the mouse collage induced arthritis (CIA) model [27••] , and its expression is correlated with that of IRF5. Consistent with this, DR5 expression is significantly higher in mouse bone marrow derived M1 macrophages polarized by GM-CSF, as compared with M2 macrophages polarized by M-CSF. A similar pattern was also confirmed in human polarized macrophages (Jun Li et al., unpublished observation).
Resolution of Inflammation by Macrophage Depletion
As a key mechanism for reestablishing equilibrium, macrophages undergo apoptosis by signaling through TNF-R1, CD95 (Fas), or DR5 (TRAIL-R) [28•] . These apoptosis pathways all signal through the death domain, leading to activation of Caspace-8 and the mitochondrial-related apoptosis pathway, including BCL-2 family members. The balance between activation through GM-CSF or M-CSF and the signaling of apoptosis pathways determines production of proinflammatory and antiinflammatory cytokines. Thus, regulation of activation, as compared with apoptosis, can be a major determinant in the onset, progression, and resolution of RA.
TNF-R1 and TNF-RII Signaling of Apoptosis and Inflammation Macrophages
TNF-RI possesses a death domain capable of signaling apoptosis, whereas TNF-RII does not have a death domain. One of the first investigations of the role of TNF-R1 in mediating apoptosis of mononuclear cells was carried out by crossing C57BL/6-lpr with TNFRI-/-mice [29] . This leads to a greatly increased lympho-proliferative autoimmune disease with massive expansion of mononuclear cells in LN, spleen, and synovium. The authors concluded that TNF-R1 plays an important compensatory role for apoptosis in the absence of Fas. This is consistent with previous observations that TNF-α administration could inhibit nephritis in NZB/W and NOD mice, but early administration is essential for the beneficial effect [30] .
In established RA, TNF-α acts as a positive feedback signal to further promote development and survival of macrophages. Under these circumstances, which are usually encountered in clinical practice, blockade of TNF-α signaling in macrophages can promote depletion of macrophages [31] . Etanercept and infliximab have been shown to induce apoptosis in monocytes and macrophages in both synovial fluid and peripheral blood in vivo [32] . Furthermore, treatment with TNFα blockers reduces the number of infiltrating synovial granulocytes and macrophages, as well as reducing the expression of chemokines, IL-8, and monocyte chemotactic protein-1 [33] . Anti-TNF-α therapy has also been shown to potentially ameliorate arthritis by upregulating TGF-β and reversing the functional defect of regulatory T cells in RA, which can then inhibit the activity of inflammatory macrophages [34] . The development of other biological therapies, such as the anti-IL-6 receptor antibody, tocilizumab, exhibits the therapeutic effect, in part, by inhibition of macrophage development and function [35] .
The relative importance of TNF-R1 and TNF-RII signaling has been investigated in induction of inflammation. Blüml and co-workers investigated the mechanisms leading to the influx of inflammatory hematopoietic cells into the synovial membrane and the role of TNF-RI and TNF-RII in this process in an animal model of rheumatoid arthritis (RA) [36••] . The absence of TNF-RI on hematopoietic cells did not affect joint inflammation but markedly attenuated erosive bone destruction via reduced synovial accumulation of osteoclast precursors. In contrast, the absence of TNFRII on hematopoietic cells increased joint inflammation as well as erosive bone destruction via the regulation of osteoclast precursor apoptosis. The findings indicate that selective blockade of TNF-RI, leaving the antiinflammatory effects of TNF-RII unaltered instead of unselectively blocking TNF-α, might be advantageous in patients with RA.
Fas Apoptosis as a Mechanism for Selective Depletion of Macrophages
Fas and Fas ligand (FasL) were the first autoimmune genes that acted in an autosomal recessive fashion to promote autoimmune disease in lymphoproliferative (lpr) and generalized lymphoproliferative disease (gld) mice [37, 38] . Since these mice develop massive lymphoproliferation and a greatly expanded population of unusual B220 + CD3 + CD4 -CD8 -T cells, FasL-Fas interactions were first thought to inhibit autoimmune diseases by limiting the development of self-reactive T cells. However, targeting deletion of the Fas defect to T cells using a CD4-Cre and Floxed Fas resulted in mice that developed inflammatory diseases and early death. However, autoimmune disease and autoantibody production was greatly increased by targeting the Fas defect to subpopulations of macrophages. This was first explored by Stranges et al. [39] , who utilized a Floxed exon 9 of Fas (Fas knock-in, FasKI) crossed to Cd11c-Cre, which was compared with the FasKI crossed with the CD19-Cre, Lck-Cre, and granzyme B (Gzmb) Cre transgenic mice . The results demonstrated that the FasKI Cd11c-Cre mice in which the loss of Fas expression was restricted to CD11c + dendritic cells developed systemic autoimmunity, including hyperimmunoglobulinemia, splenomegaly, and histologic changes in the spleen and liver. FasKI Cd11c-Cre mice did not exhibit an expansion of the CD4 − CD8
− B220 + T cell population [39] . More recently, Perlman and colleagues [40] low macrophages. These macrophages exhibited an enhanced response to TLR4 ligation-induced endotoxin shock, which was associated with increased signaling of the nuclear factor (NF)-κB phospho-p65 and the mitogen-activated protein (MAP) kinase pathway p38, as well as the AKT pathway. It was proposed that in the absence of Fas, an increased innate immune response leads to activation of macrophages and adaptive immune responses.
Selective deletion of proinflammatory, but not antiinflammatory, macrophages is necessary to prevent or treat inflammatory diseases. This was previously demonstrated by Burnett et al [41] , who showed that targeted depletion of macrophages using drug-inducible suicide of Fasmediated apoptosis in CSF-1 receptor (c-fms) + macrophages led to splenomegaly and lymphadenopathy. The molecular mechanism associated with these abnormal phenotypes in transgenic macrophage Fas-induced apoptosis (Mafia) mice was not identified. It is noteworthy that CSF-1 is one of the factors that promote the development of M2 antiinflammatory macrophages [41] . Thus, selective depletion of inflammatory macrophages while sparing suppressor or tolerogenic macrophages would be desirable. Previous work has shown that specific cytokines such as GM-CSF, M-CSF, and G-CSF promote the development of inflammatory M1 macrophages, antiinflammatory M2 macrophages, and granulocytes, respectively [ Expression of DR5 or TRAIL on RA synovial fibroblast and macrophages has been controversial. Perlman and coworkers have reported that TRAIL R1 and R2, which are required for signal transmission by TRAIL, were not detected on RA SF lymphocytes, macrophages, or synovial fibroblasts [43] . Normal peripheral blood-derived monocyte-differentiated macrophages expressed TRAIL-R2, but not TRAIL or the other TRAIL receptors. Adenoviral-mediated delivery of TRAIL had no effect on the survival of normal macrophages or RA synovial fibroblasts but readily induced apoptosis in the prostate cancer cell line (PC-3) that expressed TRAIL-R1 and -R2.
However, Zhou [44] and colleagues found that an anti-DR5 antibody TRA-8 could induce apoptosis of RA synovial fibroblasts in vitro and in vivo, whereas OA fibroblasts were resistant to apoptosis. Using two agonistic monoclonal antibodies specific for TRAIL-R1 (DR4) and TRAIL-R2 (DR5), the expression and function of these death receptors in RA synovial fibroblast cells were examined. The synovial tissues and primary synovial fibroblast cells isolated from patients with RA, but not those isolated from patients with osteoarthritis, selectively expressed high levels of cell surface DR5, and were highly susceptible to anti-DR5 antibody (TRA-8, Daiichi Sankyo, Inc.) mediated apoptosis. In contrast, RA synoviocytes did not show increased expression of TRAIL-R1 (DR4), nor was there any difference in expression of Fas between RA and osteoarthritis synovial cells. In vitro TRA-8 induced apoptosis of RA synovial cells and inhibited production of matrix metalloproteinases induced by proinflammatory cytokines. In vivo TRA-8 effectively inhibited hypercellularity of a SV40-transformed RA synovial cell line and completely prevented bone erosion and cartilage destruction induced by these cells. These results indicate that increased DR5 expression and susceptibility to DR5-mediated apoptosis are characteristic of the proliferating synovial cells in RA.
Strategies to selectively and directly promote apoptosis of inflammatory macrophages have only recently been reported by Li et al. [27] . Using a type-II collagen-induced arthritis (CIA) model, we have demonstrated that depletion of M1 inflammatory macrophages using an antihuman DR5 (TRA-8) therapy in Cre LysM human/mouse DR5 transgenic (Tg) mice prevented development of arthritis, as well as ameliorating established arthritis. The results also showed that depletion of inflammatory macrophages reduced the numbers of Th17 cells and increased the numbers of Treg cells, suggesting that elimination of inflammatory macrophages may have beneficial global immune modulatory effects that lead to suppression of autoimmunity. Interestingly, achievement of selective depletion of inflammatory macrophages in this study was most likely due to the use of a 3-kb promoter of the mouse MK1 (Dr5) gene to induce authentic expression of the chimeric hu/ mo DR5 Tg. The authors have identified that, under these conditions, CD11b + Ly6C + inflammatory macrophages exhibited the highest expression of the chimeric DR5 Tg and, thus, became the target of TRA-8 depletion during the course of CIA.
Regulators of Apoptosis in RA Synovial Fibroblasts and Macrophages
While most macrophages express Fas, TNF-R1, or DR5 and their natural ligands, Fas-L, TNF, or TRAIL, are present, apoptosis does not always occur, due to the presence of inhibitors. A major antiapoptosis pathway is NFκB, which signals inhibitors of apoptosis, including XIAP, as well as the PI3 kinase-AKT pathway, which blocks several apoptosis pathways, including Apaf-1 and BCL2 pathways. A relative resistance to apoptosis in RA synovium is associated with increased expression of prosurvival Bcl-2 family members [45] . Perlman and co-workers determined the importance of endogenous Bcl-2 by using an adenoviral vector expressing a hammerhead ribozyme to Bcl-2 (Ad-Rbz-Bcl-2) mRNA to reduce Bcl-2 expression [46] . This resulted in decreased cell viability in RA and OA synovial fibroblasts and increased mitochondrial permeability transition, cytochrome c release, activation of caspases 9 and 3, and DNA fragmentation. Mcl-1 was strongly expressed in the synovial lining and was increased in the sublining fibroblasts of patients with RA, as compared with control synovial tissue [47] . Expression of Mcl-1 was increased in CD14 + macrophages from the SF of patients with RA, as compared with normal in vitro differentiated macrophages [48] . Inhibition of the PI3-kinase/Akt-1 or STAT-3 pathways significantly reduced the percentage of CD14 + cells within the SF and resulted in the reduction of Mcl-1 and the induction of apoptosis of synovial macrophages. Transfection of RA synovial macrophages with Mcl-1 siRNA resulted in apoptotic cell death. Mcl-1 was also critical for the survival of RA synovial fibroblasts, because the forced reduction of Mcl-1 using a Mcl-1 antisense-expressing adenoviral vector induced apoptotic cell death, which was mediated through Bax, Bak, and Bim [47] .
Macrophage Depletion by Clodronate Liposome
Clodronate-encapsulated liposome is one of the most effective agents at depleting mononuclear phagocytic populations in rodents. The liposomes are taken out by macrophages, and once inside, the clodronate diphosphonate induces apoptosis. It has been shown that a single intraarticular administration of clodronate liposomes leads to macrophage depletion and decreased expression of adhesion molecules in the synovial lining in patients with RA [49] . However, such therapy targets all mononuclear phagocytes, including monocytes, macrophages, and dendritic cells, and possibly antiinflammatory macrophages are depleted as well when it is administrated systematically.
Genetic Mouse Models for Studying Macrophage Depletion
Genetic mouse models have been essential for understanding the differentiation and homeostatic regulation of the macrophages. Macrophages can be depleted by several different approaches by using genetically engineered mice. The most successful one is the use of diphtheria toxin receptor (DTR) transgenic mice. The human diphtheria receptor is 10 4 more sensitive to diphtheria toxin than is the mouse DTR. When the human DTR is expressed on mouse cells, these cells can be depleted in the presence of diphtheria toxin. Different promoters have been used to drive the expression of DTR in mice, which include Cd11b, Cd169, and Cd11c promoters. The Cd11b-DTR results in a broad depletion of the myeloid cells; Cd169-DTR leads to the more specific depletion of marginal metallophilic and marginal zone macrophages of the spleen and macrophages in lymph nodes and bone marrow. In addition to depletion of DC, Cd11c-DTR also depletes alveolar macrophages, splenic marginal zone and metallophilic macrophages, and some CD8 + T cells [50] . A novel bacterial artificial chromosome transgenic mouse model was generated in which the diphtheria toxin receptor is expressed under the CD11c promoter. In these mice, efficient DC depletion can be achieved over prolonged periods of time by multiple injections of diphtheria toxin. Another genetic conditional depletion model is the "MAFIA" (macrophage FAS-induced apoptosis) mouse line, which expresses a suicide construct based on the FK506-binding protein (FKBP) and FAS (CD95) downstream of the Csf1r promoter [41] . When mice are treated with the FKBP-dimerizing drug AP20187, cells that express CSF1R are ablated.
Most of the currently available genetic mouse models for studying macrophage depletion are not highly cell-type specific, and the killing mechanisms are not related to the pathogenesis of diseases. To achieve the better targeting, we have generated a mouse DR5 3 kb promoter/Floxed STOP/ human mouse chimeric DR5 transgenic mouse. The expression of the transgenic DR5 in this mouse is dependent not only on the Cre expression, but also on the mouse DR5 3 kb promoter, which improves the cell specificity. More important, the killing effect is controlled by the anti-DR5 antibody, as well as the DR5 signaling in the specific cells. This strategy leads to the targeted depletion of the inflammatory macrophage, whereas other macrophage subsets are spared and macrophage equilibrium is reestablished [27] .
Conclusions
The ultimate goal of effective and safe therapy in RA is to selectively target the central causes of the disease and reestablish the cellular and functional homeostasis of joints, essentially curing the disease or maintaining a sustained, drug-free remission. In this review, we propose that the central cause of RA is the factors that initially lead to a subclinical increase in pathogenic macrophages. Depending on the magnitude or chronicity of the extrinsic factor, the balance between proinflammatory and antiinflammatory macrophages is tipped to the point where a pathogenic positive feedback loop is maintained. Therefore, early suppression of the amplifying loops is the most important therapeutic strategy in RA. It can be accomplished by blocking the factors that promote development of inflammatory macrophages, such as GM-CSF and TNF-α inhibitors, or by directly targeting pathogenic macrophages with apoptosisinducing agents such as anti-DR5, as well as other approaches listed in Table 1 . Some of these macrophagerelated agents will lead to the reestablishment of macrophage functional equilibrium and, thus, will likely be developed into more effective or better tolerated therapies and provide important additions to the current RA treatment paradigms.
